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A novel voltage-to-voltage logarithmic converter with high

accuracy

Abstract. A novel BICMOS voltage-to-voltage converter with logarithmic characteristics and very high accuracy is presented. The relationship
between the emitter current and the base-emitter voltage in bipolar transistors is used to realize the logarithmic function. With 1.8 supply voltage, the
total power consumption is less than 15.75 mW and a Log error of < -36dB is shown in the ADS simulations. Compared to the other method in the
literature, very better accuracy in logarithm calculation is achieved. The proposed method can be used in arithmetical operation circuits like analog

processors.

Streszczenie. Przedstawiono nowy przetwornik logarytmujgcy w technologii BICMOS. Do realizacji funkcji logarytmujacej uzyto zaleznosci miedzy
pradem emitera i napieciem baza-emiter w tranzystorze bipolarnym. Przy napigciu zasilajgcym 1.8V pobér mocy byt mniejszy niz 15.75 mW a bfgd
logarytmowania byt mniejszy niz -36dB. W poréwnaniu z podobnymi uktadami prezentowanymi wliteraturze Osiggnieto lepszg doktadnosc.

(Przetwornik logarytmujacy o duzej doktadnosci).

Keywords: Arithmetical circuits; Logarithmic Amplifier; Logarithmic converter.

Stowa kluczowe: wzmacniacz logarytmujacy, uktady arytmetyczne.

Introduction

Logarithmic functions are widely used in instrumentation
telecommunications, medical equipments, radar receivers
and arithmetical operation circuits [1-3]. Logarithmic circuits
need to have high input dynamic range to compress the
large amplitude of the signals in the radar receivers input,
high accuracy for arithmetical operation functions and low
power consumption in order to be useful in communication
circuits [1]. A square-law characteristic in strong inversion of
MOS transistors cannot lead to logarithmic function while
the bipolar transistors behavior can be used to generate it
easily. On the other hand, good performance bipolar
transistors are not available in CMOS-based technologies
[4]. Moreover, utilizing MOS ftransistors in the weak
inversion region which has the exponential behavior will
reduce the input dynamic range significantly.

Several approaches of generating logarithmic functions
for different applications have been proposed in the
literature which are discussed here. Fig. 1 shows the
progressive—compression structure which was used in [5],
[6]. In this approach several auxiliary voltages are created
using series of linear-limit amplifiers. A current proportional
to the voltage of each stage is generated by taking
advantage of a transconductance element. The summation
of all these currents with proper transconductance ratio can
approximate the logarithmic function piecewise. With a little
systematic difference with the previous method, the parallel
amplification type circuit was used in [7],[8]. Fig. 2 presents
the system diagram of this approach. High symmetry in
different path which is lead to the good phase and group
delay matching is the strength of this method, while its input
dynamic range is lower than the previous on [1].
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Fig.1. Progressive-compression topology
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Fig.2. Parallel amplification topology

By taking advantages of the above approaches
combination, which are the subdivisions of parallel-
summation technique, [1] got better properties in
approximating logarithmic function piecewise. All reviewed
approaches which are based on piecewise approximation,
can be employed where high input dynamic range
compression is needed but are not useful in basic arithmetic
function circuits as they are complicated while suffer from
poor accuracy.

Motivated by the need for good accuracy, some other
techniques like Taylor series [9],[10] and current conveyors
[11] were utilized to attain logarithmic and exponential
behaviors, but none of them could be realized with a simple
structure. However, utilizing a single MOS transistor with
gate-to-substrate biasing technique in [2] can solve the
complicated circuit and accuracy problems simultaneously,
but a very poor input dynamic range of about 1.5uA makes

it impractical.
In this paper, a simple circuit based on intrinsic
exponential characteristic of the bipolar devices is

proposed. At first a MOS transistor is used in order to
convert voltage to current and then logarithmic
characteristic is obtained by injecting the current to a bipolar
transistor. Simulation results in ADS software using TSMC
0.18um BiCMOS process models confirm the well
acceptable accuracy for arithmetic functions applications. In
section 2 the basis of logarithmic behaviors will be
considered and completed with the circuit design procedure
and the simulation results in section 3. Concluding remarks
are provided in section 4.

The basis of logarithmic behavior

Exponential function can be obtained via the relationship
between emitter current and base-emitter voltage in a
bipolar transistor.
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Therefore, logarithmic characteristics can be achieved
by a little change in (1).

(2) VBE:Zln e while 1,1 Ig
n I

(2) can be written as below, too.

3) VBEzﬂlnlE—ZlnIS:alnIE—b
n n

So a linear relationship between Vge and In(lg) is
available. Thus far logarithmic current to voltage converter
is available by a single bipolar transistor; however, voltage
to voltage converter is the final goal. In this case, a voltage
to current converter is also needed. This can be done by
means of a single MOS transistor. Because of the logarithm
function characteristics, a square-law behavior in strong
inversion region of the MOS elements cannot destroy
logarithmic relationship.

2
@) I, =k(V, -7;)
Using (4) instead of Iz in (3):

5) ¥, =aln[k(r/le —VT)ZJ—b:Zaln[\/E(VgS ~7,)]-b
=2ain(Vk)+2aln(V, =V, )=b=pln(V, ~V,)+q

Using proper dimensions (w/l) for MOS element may
cause the g to become zero while it can be made zero by
taking advantage of DC level shifting in the output stage,
too. In this section, it is demonstrated that logarithmic
converter can be realized using a MOS element for voltage
to current converting and a bipolar transistor for logarithmic
behaving.

Circuit design and simulation results
Circuit-level implementation of the proposed method is

presented here in Fig. 3.
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Fig.3. Simple logarithmic converter

Logarithmic behavior in the output voltage can be
achieved through feeding the current which is in proportion
to the input voltage, into a bipolar transistor. The simple

topology has two issues discussed below. The first one is
about the linear voltage to current converting which is not
accessible in this case and can be obtained if the input
voltage is equaled to (Vgs-V7). Furthermore in this
technology, the P-channel transistor characteristics are not
as well as the N-channel. As the accurate square-law
behavior is needed for the accurate logarithmic function
according to mathematical equations, The NMOS transistor
is a better choice for the circuit input actually.

The second issue is the low output dynamic range. Big
changes in the collector current value will cause low
alteration in the base-emitter voltage due to the exponential
relationship. The lower output dynamic range requires
higher gain for the next stage to achieve logarithmic
converter. The problems are solved in the new topology
which is depicted in Fig. 4. Another stage should be added
for amplifying and level shifting. Fig. 5 shows the final
circuit.
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Fig.4. Repaired Logarithmic converter
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Fig.5. Final Circuit for logarithmic converter

To enclose the operation of the proposed circuit it
should be expressed that the logarithm of all positive
numbers can be calculated using the logarithm of numbers
between 1 to e. (6) shows how all positive numbers can be
mapped in to the [1,e] zone.

(6) x=y.e =In(x)=In(y)+k

If x is a real positive number and k is an integer, y will be
a real number between 1 and e. So logarithm of y is
sufficient to calculate the logarithm of x. For this reason the
input dynamic range of the proposed circuit is determined
between 1 and e. The equaled resistors are used to divide
the input voltage by two, because the positive supply
voltage of 1.3 volt is not enough to support the dynamic
range of [1,e]. Also, as the threshold voltage of the
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transistors in the used technology is about 0.5 volt, the
minus supply voltage is fixed to -0.5 volt to recoup the input
voltage. It is manifestly shown in (7).

7N 1, « (vgs—vT)—>]d a (v, +v, —v,)

=vr

V,
— L ]d aVA—>]d a v,

Fig. 6 shows the simulation results of proposed circuit
and an ideal logarithmic converter in 100MHz.
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Fig.6. Simulation result of proposed circuit and ideal logarithmic

converter in 100MHz

Time domain simulation is depicted in Fig. 7 to verify the
proper operation of the designed circuit.
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Fig.7. Input and output of the proposed logarithmic converter

The behavior of the proposed logarithmic converter over
different frequencies will be changed. It can have a different
rise and fall shape and of course it is not unexpected
because of the accumulated charges in the base of bipolar
devices and short channel effects in the MOS elements.
Fig. 8 demonstrates the output in 200MHz and 400MHz.
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Fig.8. Proposed circuit output in two different frequencies

Moreover, Fig. 8 shows the Log error increases as the
frequency goes up. Thus, Fig. 9 is provided to report the
details.
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Fig.9. Log error of proposed circuit

Very low Log error especially before 100MHz shows that
the presented approach is very promising for arithmetical
applications. Table 1 shows a comparison of this work with
some other logarithmic amplifiers.

Conclusion

In this paper, a novel voltage to voltage logarithmic
converter for arithmetical circuits was proposed. The idea
was originated from the intrinsic characteristics of bipolar
transistors. Very low error in logarithm calculation which is
so important for arithmetical circuits, show the strength of
the proposed. Additionally, a method of mapping the whole
positive real numbers in to the (1, e) zone was used to
show that the large input dynamic range is not necessary.

Table 1. This work and some other logarithmic amplifiers characteristics

[1] [9] [12] This work
Technology 35GHz Silicon Bipolar 0.25um CMOS 0.35um CMOS 0.18um BiCMOS
Technique Piecewise approximation Taylor series Taylor series Bipolar intrinsic Behavior
Supply voltage -5V 1.5V 1.5V -0.5v,13V
power 0.75W 0.8 mW 0.8 mW 15.75 mW
Error @ low Freq 2dB 0.5dB 0.5dB -36 dB
Applications Radar Input Stage Arithmetical circuit, AGC | Arithmetical circuit, AGC | Arithmetical circuit

152

PRZEGLAD ELEKTROTECHNICZNY (Electrical Review), ISSN 0033-2097, R. 87 NR 4/2011



(1]

(2]

(3]

(4]
(3]
6]
(71
(8]
9]

PRZEGLAD ELEKTROTECHNICZNY (Electrical Review), ISSN 0033-2097, R. 87 NR 4/2011

REFERENCES

Chris D. Holdenried, James W. Haslett, John G. McRory, R.
Douglas Beards, and A. J. Bergsmad. A DC—4-GHz True
Logarithmic Amplifier: Theory and Implementation, IEEE
Journal of Solid-State Circuits, Vol. 37, No. 10, October 2002.

Sanchi Harnsoongnoen, Chiranut Sa-ngiamsak, Poonsak
Intarakul and Rardchawadee Silapunt, “Logarithmic and
Antilogarithmic ~ Circuit with ~ Gate-to-Substrate  Biasing
Technique”, ITC-CSCC, 2008.

R. F. Wolffenbuttel, Digitally Programmable Accurate Current
Source for Logarithmic Control of The Amplification or
Attenuation in again Cell, IEEE Journal of Solid-State Circuit,
Vol.23, pp. 767-773, 1988.

A. B. Grebene, Bipolar and MOS integrated Circuit Design,
John Wiley & Sons, New York, 1984.

B. Gilbert, “Synchronous logarithmic amplifier,” U.S. Patent 5
298 811, Mar. 29, 1994.

A. Garskamp, “Logarithmic amplifier with sequentially limiting
amplifier stages,” U.S. Patent 5 049 829, Sept. 17, 1991.

K. Kimura, “Logarithmic amplifying circuit based on the bias-
offset technique,” U.S. Patent 5 506 537, Apr. 9, 1996.

F. W. Olsen and E. J. Tasillo, “Psuedo logarithmic step adder,”
U.S. Patent 5 221 907, June 22, 1993.

Quoc-hoang duong, T.kien nguyen and Sang-gug lee, CMOS
Exponential Current-to-Voltage Circuit Based on Newly
Proposed Approximation Method, /ISCAS, 2004.

[10] Carlos A. De La Cruz-Blas and Antonio Lopez-Martin,
Compact Power-Efficient CMOS Exponential Voltage-to-
Voltage Converter, ISCAS 2006.

[11] F. Bergouignan, N. Abouchi, R. Grisel, G. Caille, J. Caranana,
Designs Of A Logarithmic and Exponential Amplifiers Using
Current Conveyors, ICECS 1996.

[12] Wci hsing Liii, Clieng-Chicli Clieilg and Shcn-I tian TA,
Realisation of exponential V-l converter using composite
NMOS transistors, Electronics Letters 6th January 2000 Val. 36
No. I.

Authors: Ahmad Ghanaatian-Jahromi, Electrical Department, Iran
University of Science and Technology, Tehran, Iran, E-mail:
aghanaatian@ee.iust.ac.ir; Prof Adib Abrishamifar, Electrical
Department, Iran University of Science and Technology, Tehran,
Iran, E-mail: abrishamifar@iust.ac.ir; Prof Ali Medi, Electrical
Department, Sharif University of Technology, Tehran, Iran, E-mail:

Medi@sharif.edu.

153




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


